Abstract. The traditional filter requires a filter combination of different central frequencies to realize the adjustable frequency. In this paper, based on the principle of metamaterial phase compensation, miniaturization and high integration filter are designed. And by using the varactor diode loading technology to change the electromagnetic parameters, the filter can be tuned in frequency. A square loop metamaterial filter is designed in this paper. The filter can be continuously tunable in the X band by loading varactor diode on the unit structure. The measured results show that: when the varactor diode increases from 0.15pF to 0.70pF, the center frequency of the filter is decreased from 11.7GHz to 10.3GHz, the bandwidth is 17.2% (10.1GHz-12.0GHz), and the return loss minimum is 25dB, the insertion loss maximum is 0.5dB.
Introduction
As a key device in communication system, the filter is widely used in mobile communication, millimeter-wave communication, satellite telemetry, satellite communication and electronic countermeasures [1] [2] [3] [4] . With the arrival of multi frequency and broadband wireless communication, the RF front-end circuit of radar transceiver will be faced the problem of how to separate the required frequency from multi band signals. In order to select the desired operating frequency band, RF front-end circuits are often adopted a filter group which is composed of several different central frequency bands. The traditional frequency modulation (FM) filter adopts the filter group which is usually consisted of many switches and narrowband filters of many different frequency units. This design method is simple and clear, and the individual band can easily achieve the perfect independent adjustment [5] [6] [7] [8] [9] . However traditional FM filter is generally larger, which does not conform to the trend of RF front-end circuit miniaturization and integration. The communication only requires the selected frequency band in many applications, and this way is resources waste, high cost, and unsuitable for large-scale application. Therefore, many researchers prefer to replace the traditional filter banks with a smaller size tunable filter.
To solve the above problems, this paper presents a new type of small-sized FM filter based on metamaterial which can replace the traditional filter group in RF front-end circuit. Metamaterials are arranged by the periodic or non-periodic artificial microstructure of artificial materials [10] [11] [12] [13] [14] . Metamaterials have played an irreplaceable role in many areas, such as high performance filter, electromagnetic invisibility cloaks, subwavelength imaging, sensors, high-performance absorbing material, all kinds of new electromagnetic devices, etc. Through to the traditional open resonant ring SRR deformation, metamaterials unit structure can be designed and realize the feature in miniaturization and high integration.
In this paper, a square loop metamaterial filter is designed. The filter can be continuously tunable in the X band by loading varactor diode on the unit structure. The results show that: when the varactor diode increases from 0.15pF to 0.70pF, the center frequency of the filter is decreased from 11.7GHz to 10.3GHz, the bandwidth is 17.2% (10.1GHz-12.0GHz), and the return loss minimum is 25dB, the insertion loss maximum is 0.5dB.
The Design of FM Spatial Filter Based on Metamaterials The Design of Filter Based on Metamaterials Unit
The design of miniaturized filter based on metamaterials is shown in Figure 1 . The black part represents the metal, and the white part represents the dielectric substrate. The metamaterial filter structure consists of three layers, the upper layer is a square loop structure in Figure 1 (a), the middle is a dielectric substrate, the lower layer is a metal bar in Figure 1 (b) , and the upper and lower metal passes through the metal via. The filter can work at X band, with the dielectric constant of 2.2 and loss angle tangent value of 0.0009, thickness of 1.6mm Rogers 5880 substrate. Among them, l1 indicates the unit structure length and width, l2 indicates the square loop structure length and width, w1 indicates the square loop width of vertical direction, w2 indicates the square loop width of vertical direction, l3 indicates the length of internal metal patch, w3 indicates the width of internal metal patch, a indicates the width of metal bar, b indicates the diameter of the hole. High frequency simulator software (HFSS) is used to simulate. The optimized parameter values are as follows : The scattering coefficient of the metamaterial filter is shown in Figure 2 , in which S 11 represents the reflection coefficient, S 21 indicates the transmission coefficient. The simulation results show that the filter works in 10.8GHz (10.6GHz-11.1GHz), the bandwidth is 4.6%, the return loss is 21dB, and the insertion loss is 0.6dB. However, the single band filter cannot meet the needs of communication systems. In this paper, the tunable filter can be continuously adjusted in the X frequency band by adding a tunable device. 
The Design of Spatial Filter Structure
By studying the effect of loading varactor diode on frequency regulation, a spatial frequency tunable filter based on metamaterials is designed. As shown in Figure 3 , the design of square loop spatial FM filter is the periodic extension of square loop FM filter in the horizontal and vertical direction according to certain rules. Figure 3 (a) shows the upper structure distribution of the spatial filter, the upper periodic units are periodically extended to both horizontal and vertical directions, the horizontal interval is zero, and the vertical unit interval is 0.8mm, and the whole is arranged in parallel structure. Figure 3 (b) represents the lower structure distribution of the spatial filter, which extends the lower metal bar to the horizontal direction, and the interval is l 1 . By controlling the circuit to change the applied voltage U, the capacitance C can be continuously adjusted, and the frequency f can be adjusted continuously. Figure 4 (a), with the increase of varactor diode C, the operating band of the filter is shifted to low frequency. When the varactor diode C increases from 0.15pF to 0.70pF, the center frequency of the filter is decreased from 11.8GHz to 10.5GHz in the X band, the working bandwidth is 16.3% (10.2GHz-12.0GHz), and the return loss minimum is 22dB in the continuous adjustment process. As shown in Figure 4 (b) , the insertion loss maximum is 0.6dB in the passband. 
Research Results
In order to verify the simulation results, we made the spatial FM filter based on square loop metamaterial. The conductive adhesive is used to realize the diode welding. The physical diagram is
shown in Figure 5 . Filter is made with the relative dielectric constant of 2.2, loss tangent value of 0.0009, and the thickness of 1.6mm Rogers 5880 substrate. The specific dimensions of the metamaterial filter are: l = 20mm, w = 15mm, l 1 = 3.1mm, l 2 = 2.2mm, l 3 = 14.75mm, l 4 = 0.6mm, w 1 = 0.15mm, w 2 = 0.3mm, w 3 = 1.2mm. The scattering parameters of the tunable metamaterial filter with were measured by vector network analyzer. Figure 6 is the scattering parameters of the spatial FM filter based on metamaterial. The figure shows that with the increase of the capacitance value of C, the working frequency of the filter is shifted to low frequency. When the varactor diode capacitance increases from 0.15pF to 0.70pF, the center frequency gradually decreased from 11.7GHz to 10.3GHz, the working bandwidth is 17.2% (10.1GHz-12.0GHz), the minimum return loss is 25dB, and maximum insertion loss is 0.5dB. Compared with the simulation results, the measurement results show that the bandwidth of the metamaterial filter is changed from 16.3% to 17.2%, and the minimum return loss is changed from 22dB to 25dB, and the maximum insertion loss is changed from 0.6dB to 0.5dB. The working bandwidth and loss are all changed, which may be due to the dielectric constant deviation of the substrate or the machining error in the process of the diode mount.
Conclusion
A square loop structure metamaterial filter is designed in this paper. The varactor diode can be continuously tunable in the X band by loading varactor diode on the metamaterial unit. The results show that: when the varactor diode increases from 0.15pF to 0.70pF, the center frequency of the filter is decreased from 11.7GHz to 10.3GHz gradually, the bandwidth is 17.2% (10.1GHz-12.0GHz), and the return loss minimum is 25dB, the insertion loss maximum is 0.5dB. Therefore, the problem of large size and difficult integration of the filter group is solved by using the electromagnetic characteristic of the metamaterial filter and replacing the traditional filter group.
